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rosetta ligand-binding domain in the Eph-like protein F2UER5, that forms a pocket region where the ephrin-like might bind. (D, E) 3D structure of the Eph-binding domain of human ephrin-A1 and ephrin-B2, respectively. (F) 3D model of S. rosetta receptorbinding domain in the ephrin-like protein F2TW21, that has a protruding loop that could interact with the Eph-like pocket similarly to metazoan ephrins (G) 3D model of S. rosetta cupredoxin F2URU3, whose fold is completely different from the ephrin-like sequence (F) and the equivalent residues are not exposed in the cupredoxin. Human 3D structures (in interacting conformation) were obtained from the PDB database (Burley et al. 2017) . Residues in the interacting Eph-ephrin surface (Himanen et al. 2010; Qin et al. 2010 ) are coloured blue, and among them, the hydrophobic residues are highlighted in red. The cysteines that form the disulphide bridges in the Ephs' ligand-binding domain are marked in orange. The equivalent residues in the choanoflagellate's sequences have been coloured accordingly. . Phylogenetic tree of the ephrin-binding domain (Ephrin_lbd) in Ephs reconstructed by BI. Model of amino acid evolution: JTT+I+G. 251 sequences from 41 species are included in the tree. Ephs are clearly separated into class-A and -B only in vertebrates. The sequences are annotated as predicted by InParanoid and have been coloured accordingly; we have included into subfamilies AX or BX those sequences whose best hits were to class-A or class-B Ephs, respectively, although they were not unequivocally assigned to a particular orthologue. Subfamily X includes sequences whose best hits did not differentiate class-A and -B human Ephs. The ephrin-binding domain (Ephrin_lbd) in each sequence is always indicated (see legend on top right) although it was incomplete for some proteins (e.g. Chick_A4 or Mondo_B4). The outer strip colour marks the different phyla (top left). Black circles at nodes indicate clades with posterior probability > 70%. Branches are drawn proportional to the number of amino acid substitutions per site as indicated by the scale bar (lower right). The topology of this tree is very similar to that built with the full Eph protein sequences ( fig.  S2 ). The most notable difference is the position of EphA4 as the most ancient type-A Eph receptor in the latter, which might be due to the distinct rate of evolution of different domains (Wolf et al. 2008; Mikami et al. 2012 In tunicates, the motifs are conserved in all Ephs of C. intestinalis, but only in one of O. dioica, which could be related to the differences we observed in the ephrins from these two species, and to the fast evolving genome of O. dioika (Berna and Alvarez-Valin 2014) . Regarding vertebrates, all EphA10 orthologues are kinase-dead. We do not know whether the modified residues already appeared in Agnatha due to the available sequences from P. marinus. EphB6 was kinase-active when it emerged, but lost its catalytic activity in a mammalian ancestor. The numbers at the bottom respectively refer to the position of the first amino acid in the motif in Human EphA10 and EphB6 sequences, and the three dots indicate part of the sequence which is not shown. See supplementary tables ST1-ST3 for information on the species and sequences.
Conservation
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Consensus 0 0 0 1 8 7 4 6 2 + 4 0 5 4 3 2 1 3 7 0 0 --0 1 0 0 2 0 1 3 1 2 0 1 0 1 2 1 2 1 0 0 -1 0 2 4 2 1 0 1 0 - . Dots at the bottom of the aligned columns mark those residues involved in the Eph/ephrin binding, and the dot colour indicates that the residue is conserved in: all sequences (grey), all orthologues (blue), or not conserved in all orthologues (red). The P. marinus sequences do not contain all residues described as necessary for cross-class interaction in human. See supplementary tables ST1-ST3 for information on the species and sequences. Fig S12. Co-evolving residues involved in EphA4/ephrin-B2 and -B3 cross-class binding in Gnathostomata. (A to C) clusters of co-evolving EphA4 residues that interact with ephrin-B2 and -B3. (D and E) clusters of co-evolving ephrin-B2 residues that interact with EphA4. We used CoeViz with the 2WO2 (human EphA4-ephrinB2 complex) PDB structure to analyse the conservation and changes of pairs and clusters of residues involved in the EphA4-ephrinB2 cross-class interaction. The main interacting residues in EphA4 are Q40, E42, I59, D61, F154, T155, V157 and L166 (see supplementary fig. S11B ). P. marinus S4RX53, the Eph receptor with a higher conservation of these residues, shows differences compared to gnathostomatan EphA4: I59G, D61G and Q156H. According to CoeViz, these residues co-evolve with other residues in the protein ( fig. S12A-C) . Besides the I59G change in P. marinus, in the co-evolving cluster D87 is H in the lamprey ( fig. S12A ), in the D61 cluster, another two residues change in P. marinus: T69F and Y126V (fig. S12) and finally in the Q156 cluster, M164 is V and E77 is K ( fig. S12C ). Regarding ephrin-B2, the most important residues involved in the interaction with EphA4, L121 and W122 (within dark blue frame in the figure), are not conserved in P. marinus (supplementary fig. S11A ). However, the predicted co-evolving residues (fig. S12D) are all conserved in the lamprey (supplementary fig. S11A ). Among the other residues involved in this interaction (supplementary fig. S11A ), the only change is D107A. D107 is in a cluster with four residues that are all conserved in P. marinus except Q85S ( fig. S12E) . Orange dots at the bottom of the aligned columns mark those residues involved in the EphB2/ephrin-A5 binding (Himanen et al. 2004) in human (Phe65, Arg95, Ile100 and Pro101). These residues are conserved in all vertebrate orthologues. (B) Multiple sequence alignment of ephrinA5 orthologues and ephrin sequences from invertebrates. Orange dots at the bottom of the aligned columns mark the residues involved in the cross-class Eph/ephrin binding in human (Leu120 to Leu126, and Glu129). These residues are only conserved in Gnathostomata. Blue inverted triangles mark hidden columns in the alignment. See supplementary tables ST1-ST3 for information on the species and sequences.
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